Introduction
Chronic obstructive pulmonary disease (COPD) is a global health problem that is associated with increased morbidity and mortality. COPD is a chronic inflammatory disease that affects the airway and lung parenchyma, and it is characterized by progressive expiratory airflow limitation. 1, 2 The inflammation in COPD is not limited to the lung, and systemic inflammation is now considered a specific characteristic of COPD. In addition to small airway remodeling and emphysema, which are the cardinal features of COPD, vascular remodeling and arteriosclerosis caused by the systemic inflammation are also involved in the pathogenesis of COPD. 3 Indeed, vascular remodeling, subsequent pulmonary hypertension, and right ventricular heart failure are associated with the severity and prognosis of COPD, which highlights the importance of pulmonary hypertension in COPD. 4 However, assessing pulmonary hypertension in COPD is not as straightforward as assessing airflow limitation or the extent of emphysema, because a diagnosis of pulmonary hypertension requires direct pulmonary arterial pressure measurements that involve right heart catheterization. 
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The analysis of chest computed tomography (CT) scans in COPD has contributed greatly to our understanding of the pathophysiology of COPD. Airway remodeling and emphysema analyses, which can determine airway wall thicknesses and evaluate the low-attenuation area (LAA) in the lungs, have shown significant associations with pulmonary function, and with the severity and prognosis of COPD. [6] [7] [8] [9] In addition, Matsuoka et al 10 recently demonstrated that the small pulmonary vessels' area, which were assessed by measuring the total cross-sectional area (CSA) of the small pulmonary vessels on chest CT scans, are significantly correlated with the pulmonary arterial blood pressure (Ppa), thereby indicating that the percentage of CSA (%CSA) less than 5 mm 2 (%CSA ,5 ) could be a useful surrogate marker during assessments of pulmonary vessel involvement in COPD. [10] [11] [12] [13] As consequences of the systemic inflammation in COPD, airway remodeling and pulmonary vessel involvement synergistically exacerbate airflow limitation and pulmonary hypertension, leading to an increased risk of mortality. 14, 15 In this complex inflammatory disease, acute exacerbation of COPD (AE-COPD) rapidly worsen lung function and reduce a patient's health status and quality of life, resulting in major causes of mortality. 2 Thus, predicting and preventing AE-COPD have been emphasized in the management of COPD. The severities of the airflow limitation and emphysema, which are represented as the forced expiratory volume in 1 second (FEV 1 ), percent FEV 1 (%FEV 1 )/forced vital capacity (FVC), and the percent LAA (%LAA), have been reported as significant predictors of AE-COPD. 7, 16, 17 Although the inflammation in COPD involves both the airway and the pulmonary vessels, the impact of the involvement of the pulmonary vessels on AE-COPD is not yet fully understood. Therefore, the aim of this study was to investigate the contribution of morphological alterations in the small pulmonary vessels to severe AE-COPD by assessing %CSA.
Methods
study population
This observational study was conducted at Iwata City Hospital and was approved by the hospital's ethics committee. The need for patient approval and/or informed consent was waived because the study comprised reviews of the patients' records and images. This study enrolled 81 patients (79 men and two women with a mean age of 77.0 years) with stable COPD who were eligible for simultaneous evaluations of pulmonary function tests (PFTs) and chest high-resolution CT (HRCT) between January 2007 and April 2013. This study also included 28 consecutive non-COPD subjects who were current smokers visiting smoking cessation clinic available for assessing PFT and HRCT simultaneously during the period. A diagnosis of COPD was made according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria. 2 Patients were excluded from the study if they met the following exclusion criteria: large abnormal lung parenchymal lesions other than emphysema, pleural effusion, sleep apnea, and cardiomegaly with unstable congestive heart failure. We also excluded patients with COPD whose HRCT did not meet quality requirements because of incomplete breath-hold.
Definitions of severe AE-COPD and clinical characteristics AE-COPD was defined using the GOLD criteria, that is, a worsening of the respiratory symptoms for two consecutive days or more.
1 Severe AE-COPD was defined as acute exacerbations that required hospital admission. 18 After performing HRCT and PFTs, incidences of severe AE-COPD were assessed. Clinical data and comorbidities of individual subjects were collected based on medical records. Asthma was defined as episodes of wheezing and reversible airflow limitation by the postbronchodilator increase in FEV 1 . Cardiovascular diseases were defined as diseases, including ischemic heart disease, congestive heart failure, coronary heart disease, and peripheral vascular disease. 19 Hypertension and diabetes were defined based on patient reports or use of medication for hypertension and diabetes. A spirometer (Chestac-8900; Chest, Tokyo, Japan) was used to measure lung function.
assessments of the %Csa and the percent low attenuation volume (%laV)
All of the subjects underwent noncontrast, full-lung CT scanning using a 320-multidetector scanner (Aquillion; Toshiba Medical Systems, Otawara, Japan) with the following parameters: 120 kVp, 50-350 mA, and 0.813 pitch. The 1 mm thick images were obtained at full inspiration during a single breath-hold. Patients were coached on full inspiration technique by technicians before CT scanning. The measurement of the pulmonary CSA has been described elsewhere. 10 Three CT slices were selected from the HRCT images, namely, the upper slice, the medium slice, and the lower slice, which were taken at ~1 cm above the upper margin of the aortic arch, ~1 cm below the carina, and ~1 cm below the right inferior pulmonary vein, respectively. The three CT images were analyzed using a semiautomatic image processing program (ImageJ, version 1.48; National Institutes of Health, Bethesda, MD, USA) ( Figure S1 ). The CSA measured on 
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%Csa predicts severe acute exacerbation of COPD each CT slice were summed, and they were categorized as "CSA ,5 " if the total CSA of the subsubsegmental vessels was less than 5 mm 2 and "CSA [5] [6] [7] [8] [9] [10] " if the total CSA of the subsegmental vessels ranged from 5 to 10 mm 2 . The percentages of the CSA 5-10 (%CSA [5] [6] [7] [8] [9] [10] ) and CSA ,5 (%CSA ,5 ) within the total lung area were calculated.
Quantitative analyses of the patients' emphysema were performed on the segmented lung images using the Thoracic VCAR software (GE Medical Systems; Milwaukee, WI, USA). The extent of the emphysema, which was measured as the percent low attenuation volume (%LAV), was defined as the lung volume with a CT attenuation value of less than −950 HU relative to the total lung volume. 20 
statistical analysis
The discrete variables are expressed as numbers (percentages), and the continuous variables are described as the medians (ranges), unless otherwise specified. The MannWhitney U-test was used for the continuous variables, and the Kruskal-Wallis test and post hoc analyses were used for the multigroup comparisons. Categorical data were analyzed using the chi-square test or Fisher's exact probability test of independence. Receiver operating characteristic (ROC) curve analysis was employed to evaluate the performances of the prognostic parameters at predicting severe AE-COPD, and the optimal cutoff values were obtained. Cumulative incidence of severe AE-COPD was estimated using the method of Fine and Gray, 21 and comparison was performed by Gray's test. Any death was considered as a competing risk in the analysis. Univariate analyses were performed by Fine-Gray's proportional hazards model to determine predictors of severe AE-COPD. The statistical analyses were performed using the R software (version 3.2.0, The R Foundation for Statistical Computing, Vienna, Austria). 22 P-values of less than 0.05 were considered significant.
Results
Clinical characteristics
The clinical characteristics of the 81 patients with COPD are summarized in Table 1 . All patients had histories of heavy smoking at a median level of 55 pack-years (range, 10-212 pack-years). Among the 81 patients with COPD, eight (9.9%) had asthma, 32 (39.5%) had cardiovascular disease, 15 (30.8%) had hypertension, and nine (11.1%) had diabetes. The proportions of the GOLD classification stages according to airflow limitation severity were 27.2% in stage I, 39.5% in stage II, 28.4% in stage III, and 4.9% in stage IV. Most of the patients were treated with long-acting muscarinic antagonists and/or long-acting β agonists, whereas 42 (51.9%) patients were administered inhaled corticosteroids. Long-term oxygen therapy was administered to eleven patients (13.8%).
Csa measurements and clinical relationships
To assess the morphological modulations, we measured the CSA of the small pulmonary vessels on the chest CT images from the COPD patients. We also measured CSA of individuals having smoking history but who did not meet COPD criteria for evaluation of physiological alterations of COPD on small pulmonary vessels. Although our non-COPD subjects were not matched with age, sex, or comorbidities, patients with COPD had significantly lower %CSA ,5 and %CSA [5] [6] [7] [8] [9] [10] values than non-COPD subjects (P,0.001) ( Figure 1A and B) . The decrease in the %CSA ,5 with the COPD patients tended to be dependent on the disease severity ( Figure 1C ), but not (Figures S2 and S3) . Weaker relationships were also found between the %CSA ,5 and age (ρ=−0.374), and the body mass index (BMI) (ρ=0.442). %CSA ,5 had stronger relationships with those parameters than the %CSA 5-10 .
%CSA ,5 showed relatively stronger relationships with airflow limitation and the extent of the emphysema (Table S1 ).
association between the %Csa ,5 and severe ae-COPD During the observation period, which had a median duration of 29.2 months, 26 COPD patients (32.1%) experienced 
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%Csa predicts severe acute exacerbation of COPD severe AE-COPD. To determine the optimal cutoff value of parameters for predicting severe AE-COPD, ROC analyses were performed. As shown in Table 2 , the cutoff value was 1.0% for the %CSA ,5 (area under the ROC curve [AUC], 0.636; sensitivity, 53.8%; specificity, 70.9%). Meanwhile, the cutoff values of %FEV1 and %LAV were 50% (AUC, 0.830; sensitivity, 69.2%; specificity, 83.6%) and 30% (AUC, 0.782; sensitivity, 76.9%; specificity, 69.1%), respectively.
Using the optimal cutoff value of %CSA ,5 , significantly higher incidence of severe AE-COPD was observed among patients with the lower %CSA ,5 than those with the higher %CSA ,5 (Gray's test, P=0.011; Figure 2 ). As shown in Table 3 , the Fine-Gray's proportional hazard model determined that age, BMI, %FEV 1 , and %LAV were significantly associated with severe AE-COPD and that the lower %CSA ,5 was also significantly associated with severe AE-COPD (hazard ratio, 2.668; 95% confidence interval, 1.263-5.636; P=0.010). Multivariate analysis was not performed because of limited cases of our cohort. 23 To determine clinical usefulness of %CSA ,5 , subgroup analysis was performed. We found that decreased %CSA ,5 was associated with severe AE-COPD in COPD patients classified GOLD I and II (Table S2) .
Discussion
This study evaluated modulations in the morphology of the small pulmonary vessels in patients with COPD by measuring the %CSA on chest CT images. Reductions in the sizes of the small pulmonary vessels are a cardinal feature of COPD. The %CSA ,5 was positively correlated with airflow limitation and was negatively associated with the extent of the emphysema. In addition, the frequency of severe AE-COPD was significantly higher in the COPD patients who had lower %CSA ,5 values, and we found an association between lower %CSA ,5 and frequencies of severe AE-COPD. The findings from this study are the first to demonstrate the utility of the %CSA ,5 as a surrogate marker for predicting severe AE-COPD.
In the past decade, analyses of chest CT scans have greatly improved our understanding of COPD physiology. Examinations of airway wall thicknesses and assessments of the extent of the emphysema have shown significant relationships with airflow limitation and disease severity, which have given rise to significant predictors of AE-COPD and mortality. [6] [7] [8] [9] However, compared with our accrued understanding of the airway and lung parenchyma in COPD, the complications associated with the pulmonary vessels have not been comprehensively examined. Although the presence of pulmonary hypertension, which is a common complication of COPD, is associated with an increase in mortality, 24 assessing pulmonary hypertension requires right heart catheterization to be performed. 5 Estimating the Ppa using echocardiographs does not reflect the Ppa results obtained from right heart catheterization. In this setting, advances in CT image analysis have partially resolved these difficulties: the %CSA ,5 determined from chest CT images significantly correlates with the Ppa and was associated with airflow limitation or disease severity. [11] [12] [13] In the present study, we have further advanced our understanding of the vascular involvement in COPD by assessing the %CSA ,5 changes in the small pulmonary vessels and showed that the %CSA ,5 is a valuable surrogate marker for predicting severe AE-COPD. 
Notes:
The cumulative incidence of severe ae-COPD was determined using the Fine and gray method. The red line represents the subgroup with %Csa ,5 less than 1.0% and the blue line represents %Csa ,5 more than 1.0%. The P-values were determined using gray's test. Abbreviations: ae-COPD, acute exacerbation of chronic obstructive pulmonary disease; %Csa, percentage of cross-sectional area. 
1440
Yoshimura et al Collectively, our results indicate that both airway and pulmonary vessel remodeling impact negatively upon the prognosis of COPD. Vascular remodeling is a feature of COPD, and the narrowing of and numeric reductions of the small arteries are known. 25 Histologically, the endothelial abnormalities are observed in patients with COPD from an early stage, resulting in vascular remodeling. [26] [27] [28] Hueper et al 29 have reported that the pulmonary microvascular blood flow assessed by dynamic contract-enhanced magnetic resonance imaging (MRI) was reduced in mild COPD. COPDGene study has demonstrated the direct association of peripheral pulmonary blood vessel volume with oxygen saturation, diffusing capacity, and St. George's Respiratory Questionnaire (SGRQ) score. 30 Another study showed that the distal pruning of small pulmonary vessels was associated with main pulmonary artery enlargements, which mediate the right ventricular dysfunction. 31 These findings corroborate our data and suggest that remodeling of the distal small pulmonary vessels as opposed to the proximal small vessels is an essential component of the pathogenesis of pulmonary vascular remodeling in COPD.
We found that correlation between the %CSA and pulmonary functions was more prominent in the CSA ,5 than in the %CSA [5] [6] [7] [8] [9] [10] . The histological vascular alteration in COPD also varies according to vessel size. 32 Subsubsegmental vessels represented that the CSA ,5 consists of both elastic and muscular vessels, whereas the CSA 5-10 consists of mainly elastic vessels. 10 Vascular remodeling in COPD mainly occurred in small muscular arteries. 33 Therefore, these differences might influence the values of %CSA ,5 and %CSA [5] [6] [7] [8] [9] [10] .
The relationships between airway complications, including airflow limitation and emphysema, and pulmonary vascular remodeling have been described, [33] [34] [35] and it is thought that the changes in the morphology of the small vessels in COPD follow airway remodeling and that complications associated with both the airway and the vasculature affect each other. 33 Indeed, compared with the FEV 1 , endothelial dysfunction in COPD, which is assessed using flow-mediated dilation, is more closely associated with the level of emphysema determined from CT scans. 34 A recent advanced analysis that used gadolinium-enhanced MRI has shown reductions in the pulmonary microvascular blood flow in the lung without clear evidence of emphysema, 36 indicating the presence of distinct pathological processes associated with airway and pulmonary vascular remodeling in COPD.
Because systematic inflammations are considered as the pathogenesis of COPD, there are various comorbidities complicated with COPD. Among those, cardiovascular disease and atherosclerosis are deeply involved with endothelial dysfunctions of COPD. 37, 38 In this study, 40% of COPD patients had cardiovascular disease and the reported significant associations between decreased %CSA ,5 and atherosclerosis are represented as aortic calcifications. 39 Importantly, increased expression of vascular endothelial growth factor in pulmonary artery and impaired release of endothelium-derived nitric oxide (NO) in mild or moderate COPD patients were reported, 35, 40 indicating that endothelial dysfunctions arose from the early stage of COPD. Similarly, we also detected significantly decreased %CSA ,5 even with mild COPD, suggesting that assessing CSA of small pulmonary vessels might reflect endothelial dysfunctions of COPD and might determine the progressions of COPD.
Although incidences of severe AE-COPD are generally lower in mild COPD than those in severe COPD, the results from our study indicate that it was preferable to evaluate the %CSA ,5 for predicting severe AE-COPD in patients with mild-to-moderate COPD, rather than in patients with severe COPD. However, there are few patients with severe COPD in our cohort, especially those with GOLD stage IV. In addition, the numbers of subjects were relatively small to enable decision making using multivariate analyses. We only retrospectively evaluated severe AE-COPD, thus the impact of %CSA ,5 on mild or moderate AE-COPD remains unknown. This study has several limitations. Although associations between %CSA ,5 and severe AE-COPD were independent with results from non-COPD subjects, the non-COPD subjects were not fully matched with the COPD subjects in age, sex, and comorbidities. Second, the proportion of women in COPD cohort was relatively lower. These differences were due to the retrospective nature of the study. Therefore, further large and prospective studies are required for evaluating the precise values of %CSA ,5 in predicting severe AE-COPD and also disease progressions of COPD.
Conclusion
In conclusion, the present study demonstrated for the first time that decreased %CSA ,5 was associated with severe AE-COPD. This study may provide new understandings for clinical implications of small vessel remodeling in COPD pathogenesis, and assessing %CSA ,5 might be a surrogate marker for predicting severe AE-COPD. 
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